associations and test gene-by-fluoride interaction effects for two sources of fluoride: daily tooth brushing and home water fluoride concentration. Meta-analysis was used to combine results across five child and eight adult samples. We observed the statistically significant association of rs2337359 upstream of TUFT1 with dental caries experience via meta-analysis across adult samples (p < 0.002) and the suggestive association for multiple variants in TFIP11 across child samples (p < 0.05). Moreover, we discovered two genetic variants (rs2337359 upstream of TUFT1 and missense rs7439186 in AMBN) involved in gene-by-fluoride interactions. For each interaction, participants with the Abstract Dental caries (tooth decay) is the most common chronic disease, worldwide, affecting most children and adults. Though dental caries is highly heritable, few caries-related genes have been discovered. We investigated whether 18 genetic variants in the group of non-amelogenin enamel matrix genes (AMBN, ENAM, TUFT1, and TFIP11) were associated with dental caries experience in 13 age-and race-stratified samples from six parent studies (N = 3,600). Linear regression was used to model genetic Electronic supplementary material The online version of this article
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risk allele/genotype exhibited greater dental caries experience only if they were not exposed to the source of fluoride. Altogether, these results confirm that variation in enamel matrix genes contributes to individual differences in dental caries liability, and demonstrate that the effects of these genes may be moderated by protective fluoride exposures. In short, genes may exert greater influence on dental caries in unprotected environments, or equivalently, the protective effects of fluoride may obviate the effects of genetic risk alleles.
Introduction
Dental caries affects a majority of children and adults worldwide, and represents a major public health problem due to the fact that disease burden and associated concomitants (pain, tooth loss, trouble learning, eating, and sleeping, days of missed school/work, emergency room visits) are concentrated in vulnerable populations such as racial and ethnic minorities, and those living in rural areas and in poverty. In this regard, preventive measures such as fluoride exposure through tooth brushing and community water fluoridation are beneficial [Centers for Disease Control and Prevention Division of Oral Health 2013; Community Water Fluoridation, Using Fluoride to Prevent and Control Tooth Decay in the United States (www.cdc.gov/ fluoridation/factsheets/fl_caries.htm)]. However, fluoride exposures alone are insufficient to prevent tooth decay in some individuals. Numerous factors are thought to influence susceptibility to dental caries, and chief among these is host genetics. Heritability estimates for dental caries experience range 30-70 % (Boraas et al. 1988; Bretz et al. 2005; Conry et al. 1993; Shaffer et al. 2012a Shaffer et al. , b, 2013 Wang et al. 2010) , with host genes hypothesized to influence risk of dental caries by affecting tooth and enamel development, defense against cariogenic bacteria, dietary preferences, and protective features of the oral environment, including saliva composition and flow rate. Though few specific caries-related genes have been identified and rigorously validated, those that have been most extensively studied are the family of extracellular enamel matrix genes.
Enamel matrix genes code the proteinaceous content of tooth enamel, and mutations in these and other genes regulating their function are known to cause inherited enamel dysplasia, amelogenesis imperfecta. While the non-amelogenin enamel matrix proteins (enamelin, ameloblastin, and tuftelin) cumulatively comprise only a fraction of the protein component of developing enamel, mutations in the genes coding these proteins, particularly mutations in ENAM, are the most common cause of amelogenesis imperfecta, indicating a vital role in enamel development. Previous candidate gene studies have explored whether these enamel matrix and related genes are associated with dental caries Gasse et al. 2013; Jeremias et al. 2013; Kang et al. 2011; Olszowski et al. 2012; Patir et al. 2008; Shimizu et al. 2012; Slayton et al. 2005) . From these studies, the most consistent genetic associations have been observed between TUFT1 and dental caries experience Patir et al. 2008; Shimizu et al. 2012; Stanley et al. 2014) . Results for the other non-amelogenin enamel matrix genes, however, have been inconsistent. Individual studies have suggested that variants in AMBN (Patir et al. 2008; Shimizu et al. 2012) , ENAM (Jeremias et al. 2013; Patir et al. 2008; Shimizu et al. 2012) , and TFIP11 (Jeremias et al. 2013; Shaffer et al. 2011 ) influence dental caries, but the majority of studies have not Olszowski et al. 2012; Patir et al. 2008; Shimizu et al. 2012; Slayton et al. 2005; Wang et al. 2012b) . Among the many possible explanations for the inconsistencies observed across studies is heterogeneity with regard to environmental exposures, such as fluoride, that profoundly impact risk of dental caries. In light of the current uncertainty regarding the effects of non-amelogenin enamel matrix genes, the purpose of this study was to investigate their effects on dental caries susceptibility in children and adults, and to determine whether their effects are moderated by fluoride exposures. We hypothesize that variants in AMBN, ENAM, TUFT1, and/or TFIP11 affect dental caries experience, and that genetic susceptibilities are especially pronounced in individuals lacking adequate protective exposure to fluoride.
Materials and methods

Samples and data collection
We included samples from six parent studies in this investigation: The Center for Oral Health Research in Appalachia, cohort 1 [COHRA1, N = 1,769 (Polk et al. 2008) (Vanyukov et al. 2004) ]. Details regarding study design and participant recruitment for each parent study have been previously reported (Stanley et al. 2014) and are summarized in the supplemental material. Phenotype assessment protocols were similar across studies. All participants underwent an intraoral examination by a dentist or research dental hygienist to assess dental caries experience, from which traditional caries indices, DMFT and dft, were generated. DMFT was defined as the number of decayed, missing due to decay, or restored (filled) teeth of the permanent dentition, excluding third molars. Likewise, dft was defined as the number of decayed or restored teeth of the primary dentition. Note, missing primary teeth did not contribute to dft scores due to the difficulty in determining the cause of missingness. Phenotype assessments were reliable and reproducible [ICC for COHRA1 was >0.99 for inter-examiners reliability and 0.86-0.99 for intra-examiner reliability (Polk et al. 2008; Wendell et al. 2010) ]. Data on two sources of fluoride exposure, home water source fluoride concentration and tooth brushing behavior, were collected in the COHRA1 and IFS samples. Home water source fluoride concentration (ppm) was measured using fluoride ion-specific electrodes of home water samples provided by participants. Daily tooth brushing frequency was assessed via questionnaire. All study protocols for participant recruitment and data collection were approved by all pertinent Universities' Institutional Review Boards.
Genotypes
Genotyping for a custom panel of single nucleotide polymorphisms (SNPs) was performed by the Center for Inherited Disease Research (CIDR) at Johns Hopkins University using the Illumina GoldenGate platform (San Diego, USA). Whereas the majority of the panel was chosen to followup putative associations from a number of GWAS scans, we also included SNPs such as those in and near enamel matrix genes, based on our interest in strong candidate genes. For this study, we interrogated 18 SNPs distributed across four non-amelogenin enamel matrix genes: AMBN, ENAM, TFIP11, and TUFT1 (see Table 1 ). These genes were chosen because of their known roles in amelogenesis and implication in Mendelian enamel defects. SNPs in these genes were chosen according to several criteria, including their high minor allele frequencies, ability to capture much of the gene-level variation in as few SNPs as possible, low linkage disequilibrium (i.e., correlation) with each other, as well as genotyping constraints such as compatibility with the GoldenGate platform, and mutual compatibility with other genotyped SNPs on the custom panel. Details regarding the design and quality of the genotyping panel are available elsewhere (Stanley et al. 2014) . b MAF minor allele frequency in the COHRA1 sample c This SNP was independently genotyped and tested for association with dental caries experience in a larger sample of IFS subjects (Wang et al. 2012b ); the previous study used different genotyping technology and a different statistical approach; a subset of the participants from the previous study was included in the present study d This SNP was independently genotyped and tested for association with dental caries in an independent sample of IHS participants (Slayton et al. 2005) Gene From the six parent studies, 13 race-and age-stratified samples were available ( Table 2) . Analyses of dental caries experience were performed separately in each sample and were limited to children 3-12 years of age for the primary dentition (dft) and adults ≥18 years of age for the permanent dentition (DMFT). One exception was the CEDAR sample, which included adolescents >15 years and for the purposes of this study was considered an adult sample. Analyses were also limited to self-reported nonHispanic whites and blacks (analyzed separately) in order to obviate potential biases due to population stratification. Linear regression was used to test for genetic association between dft/DMFT and each SNP (under the additive genetic model) while simultaneously adjusting for the effects of age and sex. Regression models were inspected for influential points. Note, some samples were small after stratifying by race and age, therefore limited in their value; results for these samples should be interpreted with caution. Tests of association in black samples also were also adjusted for the first two principal components of ancestry to guard against confounding due to admixture/population structure. Adjustments for ancestry were not performed in whites due to lack of population structure at the level that can be adequately measured by our custom panel. Tests of genetic main effects and genetic ancestry modeling were performed in PLINK (Purcell et al. 2007 ). Evidence of association was combined across samples using Stouffer's inverse variance weighted method of meta-analysis, the most appropriate method given the likely non-random heterogeneity among the cohorts, as implemented in METAL (Willer et al. 2010 ). Meta-analyses were performed for whites-only, and whites and blacks combined. SNP-by-fluoride interaction effects were modeled using linear regression while adjusting for age, sex, (principal components of ancestry in blacks,) and SNP and fluoride main effects. Two dichotomous fluoride exposures were considered: home water source fluoride concentration (less than vs. greater than 0.7 ppm) and daily tooth brushing (once or more vs. less than once per day). For interaction models, heterozygotes and rare homozygotes were combined (i.e., the dominant genetic model) for SNPs with minor allele frequencies less than 25 % to avoid modeling strata represented by few participants. Interaction effects between the two fluoride exposures were also modeled (in the absence of SNP effects). All interaction models and descriptive statistics were generated in R (R Foundation for Statistical Computing, Vienna, AU). Given the multiple comparisons, we used the threshold of p values less than 0.003 to declare statistical significance for genetic associations, which corresponds to the Bonferroni correction for 18 SNPs. p values less than 0.05 were considered "suggestive" for SNP associations. 
Results
Characteristics of the 13 samples are shown in Table 2 . Considerable variation in dental caries experience was observed, which was expected given the differences in age and demography across the samples. Figure 1 shows (Fig. 1, first and second rows) were performed separately for each sample, and meta-analyzed across child samples and across adult samples. In children (Fig. 1, first row) , a significant association was observed for SNP rs134135 in TFIP11 (p = 0.003) for COHRA1 white children. No meta-analyses in children (across either the three white or all five child samples) showed significant associations. Suggestive associations (p < 0.05) were observed for COHRA1 black and white children with SNP rs17733915 in AMBN and with several SNPs in TFIP11. Meta-analyses of these SNPs were also suggestive.
In adults, a significant association was observed for SNP rs2337359 upstream of TUFT1 in the CEDAR white sample (p = 0.002; Fig. 1, second row) . This SNP was also significant in the meta-analysis across all eight adult samples (p = 0.003). ENAM SNP rs12640848 showed suggestive association (p = 0.02) via meta-analysis across white adult samples. Individual samples showed suggestive associations (p < 0.05) for some SNPs (i.e., rs1967376 and rs2097470 in CEDAR whites, rs134145 in Dental SCORE blacks, rs10158855 in DRDR whites, and rs17640579 in COHRA1 blacks), though meta-analyses of these SNPs were not significant. No SNPs showed significant association or compelling suggestive association in both children and adults.
In addition to tests of SNP main effects, we also tested the effects of two fluoride exposures (daily tooth brushing and home water source fluoride concentration) in the COHRA1 and IFS samples, for which fluoride data were available. Daily brushing was significantly protective in COHRA1 white adults (equating to 2.1 fewer carious teeth in daily brushers compared to non-brushers; p = 0.002).
Though showing a similar trend in COHRA1 black adults, daily brushing was not significantly associated with dental caries experience in any other cohorts (data not shown). Likewise, home water fluoride concentration, alone, did not show significant effects on dental caries experience (data not shown). Interestingly, the interaction between daily tooth brushing and home water fluoride concentration was statistically significant (p = 0.02) in COHRA1 white adults, with participants exposed to fluoride either through daily tooth brushing, fluoridated home water, or both, exhibiting fewer carious teeth than individuals who were not protected by either source of fluoride (Fig. 2) . Note, few participants in other samples (COHRA1 black adults, COHRA1 children, IFS) lacked both fluoride exposures, and thus the fluoride-by-fluoride interaction effect could not be tested.
Given the previous studies suggesting the presence of interactions between enamel matrix genes and fluoride exposures (Kang et al. 2011; Shaffer et al. 2011) , we tested for such interaction effects in the COHRA1 and IFS samples (Fig. 1, third and fourth rows) . Four significant, and several suggestive interactions were observed. The most significant interaction was observed for SNP rs2337359, upstream of TUFT1, which showed an interaction with home water fluoride in IFS (p = 0.0002). Though not statistically significant, this interaction trend was also observed in COHRA1 white children (p = 0.06). In both samples, increased dental caries was observed for participants carrying the C allele who were not exposed to the fluoride source (Fig. 3a, b) .
In adults, compelling suggestive interactions were observed between the AMBN missense SNP rs7439186 and both tooth brushing (p = 0.005; Fig. 3c ) and home water fluoride concentration (p = 0.004; Fig. 3d ) in COHRA1 white adults. For both interactions, participants with the A allele had greater dental caries experience if not exposed to fluoride sources. The two fluoride exposures are not correlated in COHRA1 white adults (Pearson's R = 0.01; p = 0.81), and therefore, the tests each provide independent evidence of interaction between this SNP and fluoride exposure.
Another significant interaction was observed between TFIP11 SNP rs6005060 and tooth brushing in COHRA1 white adults (p = 0.003, Fig. 3f ), though this relationship was not observed for other samples or for the other fluoride exposure. Two SNPs in TUFT1 showed significant interactions with tooth brushing frequency in COHRA1 white adults (rs16833391, i = 0.0004, Fig. 3e, and rs12749,   Fig. 2 Interaction between tooth brushing and home water source fluoride concentration in COHRA1 white adults indicates that participants not exposed to either source of fluoride have more carious teeth than participants exposed to one or both sources of fluoride (p = 0.02) p = 0.0004; Fig. 3g) . A similar suggestive trend was observed in COHRA1 black adults for rs12749 (p = 0.02; Fig. 3h ), although the sample size was small. As with the other interactions, the genetic effect was greater in the participants not exposed to sources of fluoride. However, the risk alleles differed between whites and blacks.
Discussion
Given their role in the developing tooth enamel, nonamelogenin enamel matrix genes are sensible candidate genes for dental caries. Previous genetic association studies of AMBN, ENAM, TFIP11, and TUFT1 have been performed, albeit with inconsistent findings Jeremias et al. 2013; Kang et al. 2011; Olszowski et al. 2012; Shimizu et al. 2012; Slayton et al. 2005; Wang et al. 2012b ). Here we report associations in the largest study of these genes, to date, comprising 13 sub-samples from six parent projects, with nearly 3,600 participants in total. Significant associations were observed for SNPs in TFIP11 and TUFT1, each showing evidence of association across meta-analyses of children or adults. These results reinforce the notion that genetic variation in TUFT1 and TUFT1 influence susceptibility to dental caries.
Echoing the previously published body of literature, we also observed heterogeneity across the samples, including associations that were specific to individual samples. Several explanations for these inconsistencies are possible, including differences in power to detect association across the samples, false discoveries, genetic heterogeneity (especially between racial groups), and differences in phenotype assessments, ages, dentitions, demography, and risk profiles across the samples. To some extent, each of these explanations is likely to have impacted our results.
We investigated two sources of fluoride, tooth brushing and home water source, and showed evidence of a statistical interaction between them in that individuals lacking both sources had greater dental caries experience than individuals protected by one fluoride source or the other (or both). This result reiterates the important protective role of fluoride, and also suggests that having at least some regular fluoride exposure is more important than having multiple types of exposure. Also, we were particularly interested in Fig. 3 a, b Interactions between rs2337359 and home water source fluoride concentration in a IFS and b COHRA1 white children indicate that participants with CT and CC genotypes exhibit greater dental caries experience if not exposed to the fluoride source. c, d Interactions between rs7439186 and c tooth brushing and d home water source fluoride concentration in COHRA1 white adults indicates that participants with the a allele exhibit greater dental caries experience if not exposed to the fluoride source. e-h Interactions between SNPs e rs16833391, f rs6005060, and g, h rs12749 and tooth brushing in COHRA1 white (e-g) and black (h) adults show greater differences between genotype groups in participants not exposed to the fluoride source. Note, for all the interaction models the extreme strata (i.e., rarer genotype group in the unexposed environment) comprise at least 15 participants except for the extreme strata in (h) which comprises 3 participants exploring the hypothesis that differences in environmental fluoride exposures, which profoundly impact risk of dental caries, may account for the lack of replication across samples, a conundrum observed both in this study and in the literature as a whole. In particular, we hypothesized that the comparatively smaller genetic effects may be masked by fluoride exposures, and therefore observable in some environments (and some studies), but not others.
Two SNP-by-fluoride interactions showed strong evidence with consistency of risk alleles/genotypes across two independent fluoride sources (missense rs7439186 in AMBN), or across two independent samples (rs2337359 upstream of TUFT1). Other significant SNP-by-fluoride interactions showed inconsistencies across fluoride sources and/or samples, but nevertheless exhibited greater genetic effects in the unprotected environments. Altogether, these results confirm that the effects of genetic variants in enamel matrix genes may be moderated by fluoride exposures. In short, genetic factors may exert greater influence on dental caries in unprotected environments, or equivalently, the protective effects of fluoride may obviate the effects of genetic risk alleles. These results support our hypothesis that genes may play a larger role in dental caries experience in participants who are not otherwise protected by their exposure to fluoride.
Despite the significant associations and gene-by-fluoride interactions observed in this study, our understanding of how genetic factors involved in enamel development contribute to dental caries susceptibility is far from complete. Other genes may also influence normal variation in enamel. These include AMELX (which accounts for most of the proteinaceous component during tooth enamel development but is only responsible for a small fraction of cases of Mendelian amelogenesis imperfecta), DSPP (a dentin matrix protein important for the biomineralization of dentin, the tissue that supports the enamel), MMP20 and KLK4 (proteases that degrade organic matter during enamel maturation), and others. More work is needed to fully understand how variations in genes involved in amelogenesis influence subsequent risk of dental caries, and whether and how these variants interact with environmental exposures.
Overall, our results fit in with a broader notion that the impact of environmental exposures varies based on an individual's genome. While moderate fluoride exposure is recommended for everyone, there may be other environmental exposures that benefit specific subsets of the population, such as antimicrobial or pH-buffering rinses, or prescription strength topical fluoride. Understanding the gene-byenvironment interactions contributing to dental caries susceptibility may enable tailored prevention strategies, such as these, in the near future under the personalized medicine model. Furthermore, understanding the genetic contributors to variation in dental caries risk may lead to new avenues of prevention, early identification of high-risk patients, and/or new targets for therapy.
